The tumor suppressor CYLD antagonizes NF-kB and JNK signaling by disassembly of Lys63-linked ubiquitin chains synthesized in response to cytokine stimulation. Here we describe the crystal structure of the CYLD USP domain, revealing a distinctive architecture that provides molecular insights into its specificity toward Lys63-linked polyubiquitin. We identify regions of the USP domain responsible for this specificity and demonstrate endodeubiquitinase activity toward such chains. Pathogenic truncations of the CYLD C terminus, associated with the hypertrophic skin tumor cylindromatosis, disrupt the USP domain, accounting for loss of CYLD catalytic activity. A small zinc-binding B box domain, similar in structure to other crossbrace Zn-binding folds-including the RING domain found in E3 ubiquitin ligases-is inserted within the globular core of the USP domain. Biochemical and functional characterization of the B box suggests a role as a protein-interaction module that contributes to determining the subcellular localization of CYLD.
INTRODUCTION
Mutations of the tumor suppressor gene CYLD are the cause of a genetic predisposition to familial cylindromatosis, a hypertrophic skin cancer affecting predominantly hair follicles and sweat glands of the head and neck (Biggs et al., 1995; Bignell et al., 2000; Ikeda and Dikic, 2006; van Balkom and Hennekam, 1994) . The protein product of CYLD is a deubiquitinase (DUB) specific for the disassembly of Lys63-linked ubiquitin polymers, a function mediated by its C-terminal USP domain (Brummelkamp et al., 2003; Kovalenko et al., 2003; Trompouki et al., 2003) . Premature protein truncations that disrupt the USP domain, and therefore inactivate the capacity of CYLD to cleave Lys63-linked polyubiquitin, constitute the vast majority of cylindromatosis-associated mutations (Bignell et al., 2000) .
CYLD negatively regulates activation of the cell-survival effector NF-kB, a finding that links its genetic characterization as a tumor suppressor to a cellular phenotype (Ikeda and Dikic, 2006) . This function of CYLD combines its DUB activity with the emerging nonproteolytic role of Lys63-linked polyubiquitination as an effector of ligand-stimulated intracellular signaling and protein kinase activation (Chen, 2005; Deng et al., 2000; Sun and Chen, 2004) . Studies of Cyld-deficient mice have implicated the protein as a suppressor of the Lys63-linked polyubiquitinmediated processes responsible for stimulation of NF-kB and JNK in the innate and adaptive immune response (Jin et al., 2007; Zhang et al., 2006) . Cyld-deficient mice developed severe colonic inflammation and exhibited enhanced induction of tumors of the colon , findings that appear to correlate with reduced expression of CYLD in human colorectal cancers (Hellerbrand et al., 2007) . In keratinocytes, the Lys63 deubiquitinating activity of CYLD is thought to be responsible for inhibiting tumorigenesis by suppressing Bcl3-dependent NF-kB signaling in response to UV and PMA (Massoumi et al., 2006) . Thus, it is possible that CYLD functions in diverse pathways and loss of CYLD activity contributes to tumorigenesis via multiple mechanisms.
Lys63-linked ubiquitin chains, synthesized in response to cytokine-mediated activation of TNF receptor-associated factor (TRAF) 2 and TRAF6 E3 ubiquitin ligases, provide a common molecular scaffold for the coassembly of the transforming growth factor-b activated kinase-1 (TAK1) and inhibitor of NF-kB kinase (IKK) complexes (reviewed in Adhikari et al., 2007; Kovalenko and Wallach, 2006) . Specific recognition of this ubiquitin polymer by the TAB2/3 subunit of TAK1 (Kanayama et al., 2004) and the NEMO/IKKg subunit of IKK (Ea et al., 2006; Wu et al., 2006) promotes their coassociation, facilitating TAK1-mediated phosphorylation and activation of IKKb and subsequent activation of the classical NF-kB pathway (reviewed in Kovalenko and Wallach, 2006) . CYLD disassembles polyubiquitin chains attached to TRAF2, TRAF6, and NEMO (Brummelkamp et al., 2003; Kovalenko et al., 2003; Trompouki et al., 2003) ; however, both catalytic site and cancer-associated CYLD mutations are defective in their ability to antagonize NF-kB signaling and associated TRAF2/6 and NEMO deubiquitination. The direct interaction of CYLD with both TRAF2 and NEMO is facilitated by N-terminal protein-protein interaction domains and contributes to its activity toward these substrates (Kovalenko et al., 2003; Saito et al., 2004; Trompouki et al., 2003) .
Lys63-linked ubiquitination also plays a major role in endocytic pathways, which, together with monoubiquitination events, trigger the internalization and degradation or recycling, of cellsurface transmembrane proteins and growth factor receptors. In the internalization of the nerve growth factor receptor TrkA, siRNA-mediated suppression of CYLD causes sustained TrkA ubiquitination with Lys63 chains (Geetha et al., 2005) . Furthermore, CYLD was found associated with the epidermal growth factor (EGF) receptor in response to EGF stimulation (Blagoev et al., 2004) . Other substrates of CYLD include the protein kinase Lck (Reiley et al., 2006) and TRP cation channels (Stokes et al., 2006) . With the exception of Lck (Reiley et al., 2006) , CYLD-deubiquitinating activity is selective for Lys63-linked ubiquitin chains. Increasingly diverse roles for CYLD have recently been discovered. An RNA interference screen identified CYLD as a regulator of mitotic entry and an effector of DNA damage response pathways (Stegmeier et al., 2007) . A direct interaction with the Plk1 protein kinase, together with common phenotypes caused by overexpression and loss of function of CYLD and Plk1, implicated Plk1 as a CYLD target. Strikingly, proteomic analysis identified more than 70 potential CYLD-interacting proteins and/or substrates (Stegmeier et al., 2007) , the functional consequences of which are yet to be defined.
To understand the molecular basis of CYLD selectivity for Lys63-linked ubiquitin chains and to provide insights into cancer-associated CYLD mutations, we determined the crystal structure of the CYLD USP domain. We show that the CYLD Lys63-ubiquitin selectivity is endowed within the USP core, and mutational analysis identifies regions responsible for this specificity. In contrast to other DUBS, CYLD is able to hydrolyze Lys63-linked ubiquitin chains internally, an activity that might contribute to efficiently antagonizing signaling cascades. Surprisingly, the structure revealed a small Zn-binding module inserted within the catalytic domain, bearing structural similarities to B box domains and RING fingers of E3 ligases. We performed biochemical and bioinformatics analyses of this previously unknown type of B box domain, demonstrating a role in CYLD subcellular localization.
RESULTS AND DISCUSSION

Structure Determination
The CYLD gene encodes a protein of 956 amino acids with three N-terminal CAP-Gly domains and a C-terminal catalytic USP domain (Bignell et al., 2000) . Biochemical and genetic analyses had previously indicated that a pathogenic truncated CYLD protein (Bignell et al., 2000) , lacking the extreme C-terminal 20 amino acids (1-936), is catalytically inactive (Trompouki et al., 2003) . Multiple sequence alignments, secondary structure prediction, and fold recognition programs were used to identify a putative N-terminal boundary for the USP domain. The resultant protein comprising the CYLD USP domain (residues 583-956) was produced using the baculovirus/insect cell system and purified to homogeneity for crystallization (see the Experimental Procedures).
The structure of the CYLD USP domain was determined at 2.8 Å resolution by X-ray crystallography, with phase information provided by a gold derivative (Table 1) . The asymmetric unit of the CYLD crystal is formed from two molecules of the CYLD USP domain. Both domains are similarly well resolved and superimpose with an RMSD of 0.9 Å for equivalent Ca atoms. Some flexible surface loops are disordered in one or both molecules. Monomer Values between brackets are for the highest-resolution shell. All measured data were included in structure refinement.
A is the slightly better ordered of the two and will provide the basis for our description ( Figure 1A (Renatus et al., 2006) and human USP2 (PDB 1ibi), and USP8 (Avvakumov et al., 2006) . Importantly, the DUB activity of all crystallized USP domains is associated with cleavage of Lys48-linked ubiquitin chains; USP14 is unable to cleave Lys63-linked chains (Hu et al., 2005) , and no such activity has been attributed to HAUSP, USP2, or USP8. The structural characterization of these USP domains has revealed a common architecture, with conserved catalytic residues forming a catalytic triad, reminiscent of other cysteinyl proteases (Amerik and Hochstrasser, 2004; Nijman et al., 2005) . The structure of HAUSP (Hu et al., 2002) defined this common core and will serve as a comparison for CYLD in this study.
CYLD Domain Organization Differs from Other USPs
The USP domain of CYLD is organized into four subdomains strikingly different from previously determined USP structures. At the N terminus is a small a-helical subdomain of five a helices termed the Thumb. The second subdomain, the Palm, is dominated by a large nine-stranded b sheet and three a helices. These two domains are similar to their counterparts in other USPs ( Figure 1 ) and incorporate the catalytic triad of Cys601, His871, and Asp889 ( Figure 1A ). The Cys residue, located at the N terminus of a1, functions as a nucleophile to undergo attack onto the isopeptide bond linking the C terminus of ubiquitin to the conjugated lysine residue, whereas the His and Asp residues, located on adjacent b strands of the Palm subdomain, activate the nucleophilic Cys. An oxyanion hole is created by the main-chain amides of residues surrounding the Cys and Asp residues ( Figure 2A ). A prominent channel is generated at the interface of the Thumb and Palm to engage the extended C-terminal residues of the distal ubiquitin moiety. Both the catalytic site and inter-Thumb-Palm cleft are highly conserved throughout the USP family ( Figures 2B and 2C ). The third ''Fingers'' subdomain is an extension of the Palm subdomain and in CYLD is greatly reduced in size compared with other USPs; the three b strands of HAUSP that extend the Palm subdomain are shortened (b1, b2, and b7) (Figure 2A ), and CYLD lacks the three short strands (b4, b5, and b6) at the tip of the HAUSP Fingers ( Figure 1 ). Another feature of CYLD is an additional subdomain characterized as a B box (see below), inserted between adjacent antiparallel b strands of the Palm. Additional structural features that distinguish CYLD from other USPs include insertions and deletions of loops connecting elements of secondary structure ( Figure 2A ). Specifically, an insertion in the loop connecting the b12 and b13 strands significantly alters the enzyme's structure in the vicinity of the catalytic site ( Figures 3D and 3E ). The catalytic site of CYLD is predominantly preconfigured for catalysis, except that in molecule B, the side chain of the catalytic His871 is rotated out of hydrogen bond contact to the catalytic Cys601 and Asp889 residues. This suggests a small degree of conformational alteration at the active site on engaging substrate but contrasts markedly with the extensive conformational changes associated with HAUSP and some ubiquitin C-terminal hydrolases (Amerik and Hochstrasser, 2004; Hu et al., 2002) . In CYLD, both the ubiquitinbinding loops, BL1 (b8/b9) and BL2, (b10/b11) that engage ubiquitin are considerably shorter than their counterparts in HAUSP and USP14 (Figures 2A and 3D , and see Figure S1 available online). Only BL1 (harboring Phe759 equivalent to the ubiquitin-interacting residue Phe409 of HAUSP) ( Figure 2A ) would be required to undergo a conformational change to engage ubiquitin. The BL1 loop exhibits a high degree of disorder in molecule B, and is also partly disordered in molecule A. In HAUSP, a loop connecting the a8 helix to b14 becomes ordered in the ubiquitin aldehyde complex. The equivalent loop of CYLD is longer and also disordered, and the position of the a8 helix differs from HAUSP ( Figure 1 ).
Cancer-Associated Mutations Disrupt the USP Fold
Our structure of the CYLD USP domain provides a rationale of the structural consequences of cylindroma-associated mutations. The majority of pathological mutants lie within the USP domain, causing premature truncation of the protein (Bignell et al., 2000) . All truncation-causing mutations disrupt the USP domain structure, thereby abrogating CYLD catalytic activity. This includes the extreme C-terminal mutation (R936X) that truncates the 20 amino acids that form an integral central strand (b14) of the Palm subdomain b sheet, and the adjacent a8b helix ( Figures  1A and 2A ).
The CYLD USP Domain Is Selective for Lys63-Linked Ubiquitin Chains CYLD antagonizes cytokine-mediated signaling by hydrolyzing Lys63-linked ubiquitin chains. To determine whether the USP domain alone confers this substrate selectivity, we tested the capacity of the purified protein to disassemble Lys48 and Lys63-linked di-and tetraubiquitin in vitro. Figures 3A and 3B show that the CYLD USP catalytic domain (CYLDc) selectively hydrolyses Lys63-linked di-and tetraubiquitin but exhibits very little activity toward Lys48-linked polyubiquitin chains.
The selective disassembly of Lys63-linked diubiquitin indicates that specificity determinants for the isopeptide linkage are conferred by structural elements of the USP domain in the vicinity of the catalytic site, opposite to the catalytic site channel. We examined the conservation of surface residues lining the Figure 1A and labeled according to HAUSP. Gray elements correspond to the Fingers domain in HAUSP, and the B box insertion (residues 786-853) in CYLD including the eight Zn coordinating residues is shown in red. Disordered regions in molecule A are indicated by dotted lines. Residues of the catalytic triad and oxyanion hole are indicated with red and blue arrows, respectively, whereas conserved residues that contact ubiquitin are indicated with an orange arrow. Sequence alignment figures were prepared with Alscript (Barton, 1993) . (B) Conservation between CYLD, HAUSP, USP14, USP2, and Ubp6 is mapped onto the HAUSP surface with color ramp from white (nonconserved) to blue (conserved), and the ubiquitin molecule (from HAUSP) is shown in yellow. On the ubiquitin molecule, Lys63 and Lys48 are shown. The most conserved region comprises the channel that binds the C terminus of the distal ubiquitin. For a full alignment, refer to Figure S1 . (C) The conservation as in (B) is mapped onto the CYLD surface. The ubiquitin molecule from HAUSP is depicted; superposition of HAUSP (1nbf) and CYLD was performed in COOT.
proximal ubiquitin binding site ( Figures 2B, 2C , and 3C). The proximal ubiquitin-binding site is well conserved between those USP domains with activity toward Lys48-linked polyubiquitin ( Figure 2B ). However, in CYLD, this site shares little similarity with other USP domains ( Figure 2C ), although it is markedly conserved among CYLD orthologs, consistent with a role in recognizing the proximal ubiquitin moiety of a Lys63-linked ubiquitin polymer ( Figure 3C ). Furthermore, variations in the conformations and size of the b12/b13, a4/a5, and a8/a8b-b14 ( Figures  3D and 3E ) loops of CYLD relative to other USPs could contribute to these specificity differences. We focused on the b12/b13 loop of CYLD, which is markedly extended compared to HAUSP and other USP domains ( Figures 3E and 3F ) but highly conserved CYLDc cleaves Lys63-linked ubiquitin chains at any internal linkage, while only triubiquitin is detectable in the case of Lys48 linked chains. At later time points (overnight), CYLDc disassembles all K48-tetraubiquitin to the monomer (data not shown). (B) CYLDc is also specific for Lys63-linked diubiquitin over Lys48-linked diubiquitin, indicating that the specificity-determining environment is located in the active site region. (C) Surface conservation within the CYLD USP domain from different species (found with accession numbers in Figure S2A ), shown as in Figure 2 with a color ramp from red (nonconserved) to blue (conserved). The putative proximal ubiquitin binding site is highly conserved. , and CYLDc C601S against Lys63 (G) and Lys48 (H) polyubiquitin. in CYLD. To investigate the role of the b12/b13 loop in determining CYLD specificity, we truncated it to a size equivalent to the HAUSP b12/b13 loop ( Figure 3F ) and compared the specificity of the mutant and wild-type CYLDc ( Figures 3G  and 3H ). Significantly, truncation of the b12/b13 loop almost completely abolished CYLD activity toward Lys63-linked chains ( Figure 3G , compare lanes 3 and 6) but hardly affected the residual activity against Lys48-linked ubiquitin chains ( Figure 3H , compare lanes 3 and 6), effectively rendering CYLD nonspecific. These data indicate that the extended b12/b13 loop of CYLD is a crucial structural determinant contributing to its specificity toward Lys63-linked ubiquitin chains.
CYLD Confers Endodeubiquitinase Activity for Lys63-Linked Ubiquitin Chains
Interestingly, analysis of the time-dependent hydrolysis of Lys63-linked pentaubiquitin ( Figure 4A ) indicated that all hydrolysis products are generated at similar rates, suggesting that CYLD is capable of cleaving all four isopeptide linkages equivalently. In contrast to CYLD, USP14 catalyzes the processive cleavage of the distal ubiquitin moiety of a Lys48-linked triubiquitin polymer and lacks significant activity toward Lys63-linked ubiquitin polymers (Hu et al., 2005) . To further explore the (Legge et al., 2004) . (E) RING domain, PDB 2ckl (Buchwald et al., 2006) . (F) PHD domain, PDB 2g6q (Pena et al., 2006) . (G) Sequence alignment of the analyzed domains reveals that, despite similar folds, the order of Cys and His residues, the spacing between them, and additional conserved residues differentiate the families. Topology diagrams were generated with Topdraw (Bond, 2003) .
endodeubiquitinase activity of CYLD, we generated a novel type of ubiquitin chain. We assembled Lys63-linked tetraubiquitin chains from noncleavable, linear ubiquitin dimers to generate tetraubiquitin oligomers with nonhydrolyzable terminal linkages ( Figure 4B , Supplemental Experimental Procedures). Figure 4C shows that CYLD cleaved such chains producing nonhydrolyzable ubiquitin dimers, consistent with endocleavage activity. With the scissile Lys63 linkage of the tetraubiquitin polymer positioned at the catalytic site to enable cleavage into nonhydrolyzable ubiquitin dimers, we can rationalize the position of the most distal ubiquitin moiety ( Figure 4B ). Since the N terminus and Lys63 side chain of ubiquitin are in close proximity, the most distal ubiquitin moiety, attached to the N terminus of the adjacent ubiquitin moiety bound to the distal ubiquitin site of CYLD (Figure 2C ), would occupy a position close to that expected for a distal Lys63-linked ubiquitin moiety. Potentially, endodeubiquitinase activity could be an important factor for CYLD's cellular functions by allowing efficient suppression of signaling cascades via releasing long chains from substrates.
In the structures of HAUSP, USP2, and USP14, in complex with ubiquitin and ubiquitin aldehyde, a prominent pocket within the USP domain accommodates the distal ubiquitin moiety (Hu et al., 2002 (Hu et al., , 2005 Renatus et al., 2006) (Figure 2B ). With the channel at the Thumb and Palm interface engaging the extended C terminus of ubiquitin, the globular domain of ubiquitin is embraced by the pocket between a5 of the Thumb and the Fingers b sheet ( Figure 2B) . Significantly, the side chains of ubiquitin residues Lys48 and Lys63 are occluded by the Thumb and Fingers subdomains, respectively, suggesting that only the distal ubiquitin moiety of a polyubiquitin chain could be accommodated at this site and explaining the processive cleavage of the distal ubiquitin moiety by USP14 (Hu et al., 2005) . In contrast, endoactivity is facilitated by the catalytic architecture of CYLD, in which the shortened Fingers subdomain exposes Lys63 on a bound distal ubiquitin, allowing chain elongation toward the distal end ( Figures 2C and 3C ). However, modeling indicates that, similar to HAUSP and USP14, the Lys48 side chain of the distal ubiquitin would be occluded and that a Lys48-linked chain could not be extended from a ubiquitin molecule bound to the distal ubiquitin binding site of CYLD ( Figure 2C ).
CYLD Contains a Zn-Binding Domain with Crossbrace Topology
An unexpected result of our structural analysis was the discovery of a structurally distinct subdomain of 60 amino acids (residues 782-842) (Figures 1 and 2A ) inserted between the b9 and b10 strands of the Palm subdomain. The subdomain includes three Cys-x-x-Cys motifs, which, with a fourth pair of residues provided by two histidines, constitute two tetrahedrally coordinated metal binding sites (Figures 2A and 5G) . The metal coordinating motifs are arranged in a crossbrace, in which the first and third binding motifs combine with the second and fourth motifs to generate the metal sites 1 and 2, respectively. In order to identify the endogenous metal ligand, we performed proton-induced X-ray emission (PIXE) experiments (Garman and Grime, 2005) with CYLDc, and the isolated metal-binding domain of CYLD (residues 778-842) expressed as a GST-fusion protein in E. coli, and purified without chelating agents. This quantitative analysis identified Zn unambiguously as a ligand of CYLD with a stoichiometry of two zinc atoms per protein molecule (data not shown). Subsequent purification of CYLD with the insect cell lysis buffer supplemented with 20 mM zinc sulfate enhanced the yield of soluble protein. Additionally, we performed X-ray fluorescence studies on native CYLD crystals, which revealed a strong fluorescent signal at the X-ray absorbance wavelength for Zn. An anomalous difference electron density map, calculated using a data set collected at the Zn absorbance edge, indicated strong electron density (11.5s and 9.5s peaks) corresponding to the positions of the first and second Zn binding sites, respectively ( Figure 5A ). We were therefore able to identify zinc as a physiological ligand of CYLD.
The Zn-Binding Domain of CYLD Resembles RING and B Box Proteins Classification Based on Structure We used DALI (Holm and Sander, 1993) to evaluate the protein data bank for the most similar structures to the Zn-binding module of CYLD ( Figure 5A ). This approach quantified fold similarities to the crossbrace Zn-binding domains of the two types of B box domains ( Figures 5B and 5C ), ZZ ( Figure 5D ), and RING domain ( Figure 5E ) (including the structurally similar U box proteins, which lack Zn-coordinating residues), although no similarity to PHD domains was revealed ( Figure 5F ). The most striking similarities with B box, ZZ, and RING/U box domains correspond to the first Zn-coordination site (located within 1 Å in the superposition). In contrast, the position of the second Zn ion is more variable (Figures 5A-5F ). Analysis of loop arrangements and interzinc distances reveals that the CYLD Zn-binding domain is most similar in structure to B box type I domains, being less similar to B box type II and ZZ domains and least similar to RING domains, consistent with the highest correlation scores with B boxes in the DALI analysis. Classification Based on Sequence Despite the presence of a Zn-binding domain within CYLD, including three Cys-x-x-Cys motifs, sequence alignment and fold recognition programs failed to identify the B box subdomain. Sequence profiles for Zn-binding domains are commonly based on the type and spacing of Zn-coordinating residues and the presence of conserved amino acids. Our structural analysis reveals that CYLD comprises a C6H2 (six Cys, two His residues) architecture, with a seven amino acid spacing within the fourth motif. Because this pattern could not be recognized by currently available profiles, we used the generalized profile technique as a more sensitive protein sequence comparison method (Bucher et al., 1996) . In accordance with the results from the structural analysis, sequence profiling revealed similarity of the CYLD Znbinding domain to B box type I domains and, to a much lesser extent, to B box type II domains. No identifiable sequence similarity to RING, PHD, or ZZ domains apart from matching similar Zn-coordinating residues was observed ( Figure 5G) .
We used the derived CYLD B box profile to identify other CYLD-like B boxes by sequence similarities. Two families of proteins, RNF31/ZIBRA and ZFYVE19, with previously unannotated Zn-binding regions, can confidently be classified as B boxcontaining proteins ( Figure 5G , see Supplemental Data and Figure S2 ).
CYLD Contains a B Box Domain-Functional Implications
Previously defined B box domains occur exclusively in tripartite motif (TRIM) family proteins. This highly conserved motif consists of a RING E3 ubiquitin ligase domain, followed by one or two B box domains, and a coil-coil region (reviewed in Meroni and Diez-Roux, 2005) . Its presence at the N terminus of more than 100 human proteins, the spacing between domains, and late evolutionary origin suggest a highly specialized organization module (Meroni and Diez-Roux, 2005) . Interestingly, all previously described B box type I domains occur in the TRIM motif in conjunction with B box type II domains. To our knowledge, the CYLD B box is therefore the first description of an isolated type I B box not in the context of a TRIM motif.
Little is known concerning the functions of B box domains within TRIM proteins. Direct and indirect roles in ubiquitination via the RING domain have been suggested (Massiah et al., 2006) . Alternatively, the B box may function as a nonubiquitinrelated protein-protein interaction domain. Consistent with this notion, the tandem B box modules of Mid1 mediate interactions with the C terminus of a4, a PP2A-regulatory subunit (Liu et al., 2001) . Moreover, ZZ and RING domains also mediate proteinprotein interactions (Ishikawa-Sakurai et al., 2004) .
Function of the B Box in CYLD
To study the function of the CYLD B box, we replaced residues 776-855 with a Leu-Glu-Gly-Gly sequence (CYLD DBbox ). Such a substitution was possible, as the CYLD B box domain is inserted between strands b9 and b10 of the central b sheet of the USP core, which are less than 5 Å apart. The CYLD DBbox USP domain (CYLDc DBbox ) expressed at similar levels compared to CYLDc WT in insect cells. For in vivo experiments, the same mutation was introduced into full-length CYLD for expression in mammalian cells. The CYLD B Box Is Not Required for DUB Activity and Specificity We performed in vitro deubiquitination assays with CYLDc DBbox ( Figure 6A ). CYLDc DBbox retains the same degree of activity and selectivity as CYLDc WT (compare Figures 3A and 6A ), indicating that the B box domain is not responsible for CYLD-deubiquitinating activity or ubiquitin chain selectivity and is not required for the proper folding of the catalytic domain. This is consistent with the location of the B box domain remote from the CYLD catalytic site and indicates that the minimal USP core, lacking the Fingers and B box subdomains, confers specificity for Lys63-linked ubiquitin chains.
These experiments do not exclude the possibility that the B box contributes indirectly to substrate deubiquitination by binding to (K63-linked) ubiquitin chains. We therefore tested whether the isolated GST-tagged CYLD B box could interact with ubiquitin, K63-linked tetraubiquitin, or K48-linked tetraubiquitin in pulldown experiments performed according to Ea et al. (2006) . While we identified ubiquitin interactions with an unrelated ubiquitin-binding domain, we failed to observe an interaction of the GST-CYLD B box with either ubiquitin or ubiquitin chains (data not shown). We therefore suspect that the CYLD B box is not a ubiquitin-binding domain.
The CYLD B Box Has No E3 Ligase Activity
The structural similarities of B box domains and RING fingers, and the putative involvement of B boxes in ubiquitination, suggested the intriguing possibility that the CYLD B box confers E3 ligase activity, and that hence CYLD would combine both DUB and E3 ligase activities, similar to another regulator of NF-kB signaling, A20 (Wertz et al., 2004) . However, in in vitro ubiquitination assays using a panel of 16 E2 enzymes representative of all subfamilies, we could not detect E3 ligase activity of His-tagged CYLDc or the isolated GST-tagged CYLD B box (Figures S3A and S3B) .
Although our assay failed to demonstrate B box-mediated ubiquitination activity in vitro, the possibility existed that this could be due to the absence of the physiological substrate and/or E2. We therefore tested whether CYLDc binds to E2 enzymes in a directed yeast-two-hybrid (Y2H) screen against a library of 39 human E2 enzymes ( Figure S3C ) (Dodd et al., 2004) . Using CYLDc as either bait or prey, none of the 39 E2s tested was capable of interacting sufficiently strongly, if at all, with CYLDc to obtain a positive Y2H response. Taken together, these approaches suggest that the B box of CYLD is unlikely to function as an E3 ligase in vivo. The CYLD B Box Is Dispensable for NF-kB Suppression Further analysis of the role of the CYLD B box was performed in HEK293 cells with full-length proteins. Overexpression of CYLD WT inhibits activation of NF-kB-mediated transcription in response to TNFa stimulation ( Figure 6B ) (Kovalenko et al., 2003) . The catalytically active CYLD DBbox mutant had the same inhibitory effect as CYLD WT in these assays ( Figure 6B ), indicating that the CYLD B box is dispensable for CYLD-mediated suppression of TNFa-stimulated NF-kB activation. We also examined translocation of the NF-kB p65 subunit to the nucleus upon TNFa stimulation ( Figure S4 ). In cells overexpressing GFP-tagged CYLD WT or GFP-tagged CYLD DBbox , p65 does not translocate to the nucleus, being retained in the cytoplasm ( Figure S4 ). CYLD also affects Bcl3-mediated p50/p52 NF-kB DBbox , performed as in Figure 3A . CYLDc DBbox shows the same activity and specificity as CYLDc WT in these assays. activity (Massoumi et al., 2006) . We did not observe a difference in p52 localization in response to TPA and UV treatment in HEK293 cells overexpressing either GFP-CYLD WT or GFP-CYLD DBbox , indicating that the B box does not influence the alternative NF-kB pathway in HEK293 cells (data not shown). The B Box Determines Cytoplasmic Localization of CYLD Recent data have shown that CYLD is located in the cytosol and adopts a punctuate pattern in the perinuclear region upon TPA stimulation (Massoumi et al., 2006) . We investigated whether the B box affected localization of CYLD by transfecting GFP-fusion constructs of CYLD WT and CYLD DBbox into HEK293 cells visualized by confocal imaging microscopy. Surprisingly, we found that, whereas CYLD WT was indeed excluded from the nucleus, the CYLD DBbox mutant showed significant nuclear localization in all transfected cells, independently of TNFa stimulation ( Figures 6C, 6D , and 6F and Figure S4 ). Hence, the CYLD B box contributes to retaining CYLD in the cytoplasm. The GFP-tagged isolated B box of CYLD was present in the cytoplasm and in the nucleus ( Figure 6E ). Therefore, the B box is necessary but not sufficient to retain CYLD in the cytoplasm of cells. To our knowledge, a specific role for B box domains in localization of TRIM proteins has not been studied.
Unlike the distinct localization of CYLD to subcellular compartments as shown by Massoumi et al. (2006) , we observed a cytosolic distribution of CYLD WT in unstimulated and TNFa-, TPA-, or UV-stimulated cells ( Figure 6C and data not shown). This is likely to be a cell-type-specific effect (HEK293 cells in our study compared with primary keratinocytes). One mechanism for how the CYLD B box could affect localization is by mediating interactions with cytosolic proteins. The role of other crossbrace Zn-binding domains as protein interaction modules is consistent with such a notion, and the recent finding of numerous CYLD-interacting partners indicates that CYLD engages with multiple proteinprotein interfaces (Stegmeier et al., 2007) .
Concluding Remarks
The structure of the catalytic domain of the DUB CYLD has provided insights into the molecular basis for its specificity. Lack of a Fingers subdomain allows CYLD to hydrolyze internal linkages in a Lys63-linked polyubiquitin chain, providing a kinetic advantage for cleavage of this chain type compared to USP domains that only cleave from the distal end. In addition, differences in the active site environment, specifically the extended b12/b13 loop, contribute toward Lys63-linked specificity, whereas other differences account for the lack of activity toward Lys48-linked chains. These structural features are likely to be unique to CYLD, as, phylogenetically, it represents an outlier in the USP domain family (Nijman et al., 2005) . The B box fold inserted within the CYLD catalytic core was not previously predicted and may represent a paradigm for other USPs. The large size of many USP domains (up to 800 amino acids) contrasts with the relatively small USP core (350 amino acids) and suggests that extradomain insertions are a common feature of the family. Our experiments indicate the feasibility of removing such inserted domains yielding active and stable protein, which might prove beneficial for further structural analysis of USP family members.
The occurrence of the isolated B box in CYLD allows the functional characterization of this module outside of the TRIM context. All our data are consistent with a function in protein-protein interactions. Further experiments and protein complex determination will be required to elucidate the precise role of the newly discovered B box domain in CYLD.
EXPERIMENTAL PROCEDURES
Protein Production and Purification Generation of recombinant baculovirus for human CYLD (residues 583-956) using the GIBCO/Life Sciences Bacmid system was performed using standard procedures and used to infect Sf9 cells at a MOI of 2 for 72 hr. Protein purification was performed at 4 C. Cells were harvested and lysed in lysis buffer (300 mM sodium chloride, 25 mM Tris [pH 8.0], 15 mM imidazole). The cleared lysate was subjected to affinity chromatography using TALON Sepharose (BD Biosciences). His 6 -CYLD was eluted with elution buffer (300 mM sodium chloride, 25 mM Tris [pH 7.0], 300 mM imidazole), and the His 6 -tag was cleaved overnight with 100 mg GST-PreScission protease in buffer A (200 mM sodium chloride, 25 mM Tris [pH 8.5], 5 mM DTT). GST-PreScission protease was removed using GSH-Sepharose, and CYLD was subjected to anion exchange (MonoQ) and gel filtration in buffer A.
Crystallization, Data Collection, Phasing, and Refinement Screening for crystallization conditions was performed in a sitting-drop setup at 20 C with CYLD at 10 mg/ml. Small plate-cluster crystals were obtained overnight in 5% PEG 20000, 0.1 M MES (pH 6.5). Subsequent refinement of conditions gave large, but thin, single plate crystals from mother liquor containing 1.5%-2% PEG 20000, 0.1 M MES (pH 6.3). Prior to freezing in a nitrogen cryostream, the crystals were soaked in mother liquor containing 25% MPD. Diffraction data on CYLD were collected at the ESRF (Grenoble, France), beamline ID-29. The crystals belong to the space group P2 1 2 1 2 1 , with two molecules per asymmetric unit (Table 1) . The presence of a reactive active-site cysteine residue was employed for phasing by heavy atoms, using derivatization with AuCN. For this, single crystals were soaked in a mother liquor containing 1 mM AuCN for 25 min prior to the freezing procedure. A SAD data set to 3.0 Å was collected, and, using SHELX/hkl2map (Pape and Schneider, 2004) , 12 heavy atom sites were identified. These sites were subsequently refined with autoSHARP (Bricogne et al., 2003) , and the SHARP solvent-flattening procedure resulted in high-quality maps. A native data set was collected to 2.8 Å resolution. The protein was built using COOT (Emsley and Cowtan, 2004) and refined using PHENIX, including simulated annealing and TLS B factor refinement (Adams et al., 2002) . In molecule A, the surface loops 671-678, 723-723, 841-857, and 893-899 are disordered, while, in molecule B, residues 672-679, 719-727, 759-766, 894-901, 929-934 , and 956 lacked electron density. Final statistics are listed in Table 1 . A fluorescent scan on Zn edge indicated bound Zn atoms even in the native crystals, and a data set at the peak wavelength for Zn resulted in 9-11 s peaks in the anomalous difference maps for all four Zn atoms in the asymmetric unit ( Figure 5A ).
In Vitro Deubiquitination Assays
In vitro deubiquitination assays were performed with 1.5 mg of CYLDc WT or indicated CYLDc mutants, 2.5 mg Lys63-or Lys48-tetraubiquitin chains as substrate, in 30 ml DUB buffer (50 mM Tris [pH7.6], 5 mM DTT) at 37 C. Aliquots (5 ml) of the reaction were taken at the time points indicated, and the reaction was stopped by addition of 23 SDS-sample loading buffer. Samples were subjected to SDS PAGE analysis with subsequent silver staining using the Bio-Rad Silver Stain Plus Kit with the manufacturer's protocol.
Confocal Microscopy
HEK293T cells were transfected with vectors expressing eGFP-tagged versions of full-length CYLD with and without the B box (eGFP-CYLD WT /eGFP-CYLD DBbox ). Forty-eight hours after transfection, cells were fixed on glass coverslips using 4% (w/v) paraformaldehyde. Fixed cells were washed in PBS and then permeabilized using 0.2% (v/v) Triton X-100/PBS. Cells were stained with a 1:10,000 dilution of Alexa-Fluor-635 phalloidin (Invitrogen) to detect cytoskeletal actin, and TO-PRO-3 iodide (Invitrogen) to enable visualization of nuclei. Cells were visualized using a Leica TCS-SP2 confocal microscope.
Additional Experimental Procedures can be found in the Supplemental Data online.
ACCESSION NUMBERS
Coordinates and structure factors have been deposited in the Protein Data Bank under accession number 2vhf.
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